Introduction
In previous papers of this series the ignition and slow-combustion reactions of a number of aromatic hydrocarbons have been examined, mainly from the kinetic standpoint. In the present and following commu nications it is proposed further to consider benzene and its single side-chain derivatives, in relation particularly to the oxidation reactions occurring below 400° C, and to correlate this mode of combustion by kinetic and analytical observations with the types previously examined.
The hydrocarbons to which attention is chiefly directed are benzene, toluene, ethylbenzene, w-propylbenzene and w-butylbenzene.
A pparatus and experimental methods
The apparatus employed has been described in P art I, and the methods of procedure in observing reaction rates and determining ignition and coolflame limits have been indicated. The reaction vessel used throughout the present work was, except where otherwise stated, the same as th at used for the low-pressure determination of ignition limits in P art III, and the kinetic and analytical experiments may be referred to the curves in figure 2 of th at paper.
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Experiments in the unpacked bulb
In carrying out experiments upon the rate of oxidation below 400° of benzene and its alkyl derivatives, the field is limited by two considerations. W ith the lower members, especially with benzene itself, the rate of reaction is very slow at the maximum pressure available (rather less than 1 atm.), and there is little scope to examine the effect of varying con-centrations. W ith butylbenzene on the other hand, the intervention of cool flames at quite low pressures ( c a. 100 mm.) again limits th for kinetic measurements. Intermediately, w-propyl benzene proves to be a good subject for investigation, and since it has been possible to study this hydrocarbon in some detail, it will be convenient to consider it first in describing the experimental results.
p-Ap relationships. The combustion of an equimolecular propylbenzeneoxygen mixture between 250 and 400° has been examined. The method of experiment was to observe the rate of reaction at specified temperature intervals and various pressures by means of the pressure increase. It was observed th a t at given temperatures above 290° the final pressure incre ment {Ap) bore a linear relationship to the initial total pressure (p) of the medium, and th a t the graphs passed approximately through the origin of co-ordinates. Below 290°, the extrapolated line cut the axis of at a positive value, indicating a tendency for Ap to increase abnormally with increasing initial pressure. W ith this reservation, the results suggested th a t the course of the reaction was unaffected by variations of pressure at a given temperature, and th at the manometric method of measuring the reaction rate was therefore justified. In the series of experiments in which the partial pressure of oxygen alone was varied, the Ap-p graph was again linear and passed through the origin provided th at the concentration of hydrocarbon was sufficient to react with all the oxygen. It was thereby concluded th at the course of the reaction was not changed by varying the oxygen concentration, and that the variations observed in Ap were entirely due to differences in the amount of hydrocarbon oxidized.
The " order of r e a c t i o n ". It has been shown in P art I that the rate oxidation of propylbenzene above 400° is governed by the relationship
20-60
where p is the initial pressure of the combustible mixture and n has a constant value of 2-1. The present investigation has shown that, while the " order of reaction" varies considerably at temperatures below 400°, the equation (1) still holds good at any given temperature. Some values of n are given in table 1. The early stages of the reactions are governed by a relationship similar to equation (1), namely,
and corresponding values of n' are included in table 1. It will be seen that while the general trend of the indices is the same, n' is greater than n a t the lower temperatures but becomes relatively less above 350° C. The influence of the reaction temperature. Referring again to P art I, it will be recalled th at a t high temperatures, reactive propylbenzene-oxygen media adhere to the equation of Arrhenius. The graph relating log 0-6o with the reciprocal of the absolute temperature is therefore linear and the energy of activation was found to be 39 kg.cal./g.mol. Belo w 400°, however, a difference is again noticeable.
In figure 1 , the log t20_6Q -llT relationship is shown for equimolecular propylbenzene-oxygen mixtures at certain specified pressures (full lines). Commencing at the high temperature (left-hand) end of the graphs and proceeding in the direction of decreasing temperature, it is seen th a t there is a departure from the constant value of E which, in fact, decreases to a considerable negative figure. A reverse change then sets in and at low temperatures E again assumes a positive value which appears ultimately to become steady. The negative temperature cofficient observed with propane (Pease 1929 (Pease , 1938 Newitt and Thornes 1937) , and in the case of other aliphatic hydrocarbons is thus exemplified by -propylbenzene.
W ith regard to the influence of the total pressure on this phenomenon, reference to figure 1 shows th at the negative temperature coefficient be comes greater in magnitude and extent and persists to higher temperatures as the initial pressure is increased, i.e. as the zone of cool-flame propagation is approached.
If the rate of the initial stages of the reaction is also examined by plotting log t,0_20 against 1/T. a somewhat similar result is obtained (broken lines in figure 1 ), but the stated influences of the total pressure on the extent of the negative temperature coefficient become much more pronounced, and at the lowest pressure considered (100 mm.) the range in which E has a definitely negative value is almost obliterated.
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In figure 2 will be found a curve relating the final pressure increment for equimoleeular propylbenzene-oxygen mixtures (expressed as a percentage of the initial total pressure) to the reaction temperature. In this case the initial pressure was 100 mm., but since has a constant value at given temperatures, the curve should apply equally well to any equimolecular propylbenzene-oxygen mixture. Above 400°, the graph is linear, indicating a uniform course of reaction, and such appears also to be the case below about 310°. Intermediately, however, a transition occurs which results at about 350° in a tendency for Ap to be unaffected by the reaction temperature.
Vol. 174. A. 26 The influence of individual reactant concentrations. At temperatures above 400°, the partial pressure of oxygen has a negligible influence on the rate of combustion of propylbenzene: this is substantially true at lower tem peratures also. Thus at 275° the value of n with respect to the oxygen concentration is less than 0T, and at 311°, where the overall value of n is 4-3, the " contribution" of oxygen is only 0-6. Corresponding values of n' with respect to the oxygen concentration are 0T (at 275°) and 0-8 (at 311°).
The influence of dilution with nitrogen. In table 2 are shown the results of experiments in which a mixture of 100 mm. propylbenzene and 100 mm. oxygen was allowed to react at three different temperatures in the presence of various amounts of nitrogen. Results relating to the period of maximum velocity C2o-6o) an(i to the initial stages C0_20) are given.
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At 403° progressive dilution, after causing a preliminary retardation, considerably accelerates the main reaction (cf. Burgoyne 1937). The initial stage is also accelerated but to a less extent.
At 307° the main reaction is again accelerated but only slightly, whereas the accelerating effect of dilution on the initial stage is very marked. This somewhat unexpected reversal of the state of affairs at high and low tem peratures has been confirmed by an independent series of experiments.
At 275° progressive dilution has only a small effect on the kinetics, the main reaction being retarded and the initial stage accelerated.
Influence of the condition of the vessel walls. The influence of the history and condition of the reaction vessel upon the rate of the combustion is similar a t high and low temperatures. A reaction in a vessel which has stood full of air at the reaction temperature for a period is rather slower and its ' ' induction period " is substantially increased as compared with one which follows a mere evacuation of a previous mixture. To allow the vessel to stand evacuated a t the reaction temperature also produces a retarding effect, though less quickly than when air is present. The effect of " oxidizing " the surface can be simulated by washing out the bulb with an organic solvent, when a brownish substance is dissolved which evidently cannot be removed by prolonged evacuation. 
4o-60
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Experiments in the packed bulb
The results so far described refer to reactions in a cylindrical quartz vessel of normal design. When this was replaced by one of similar dimen sions filled with small pieces of silica, significant differences in the reaction kinetics were observed.
p-Ap relationships. The relationship of the pressure increment to the initial total pressure did not suggest any important variation in the course of the reaction at a given temperature. Contrary to observations made with the unpacked vessel, however, Ap tended to increase less with increasing values of p than a linear law would allow.
The " order of r e a c t i o n " . Experiments to determine the " order of re action" at specified temperatures showed th at packing did not affect the trend of n to a maximum value a t about 310°, but the high-order reaction was found to persist to higher temperatures than normally, n' showed a marked divergence, however, for while it was greater than n at the lowest temperature it fell off almost to zero at 400° and was in all cases less than in the unpacked vessel. Values of n and n' are given in table 3. The influence of the reaction temperature. The increased surface-volume ratio brought about a considerable retardation of the reaction at all tem peratures. In figure 3 curves are given showing the relationship between log ^20-60 and 1
IT at specified pressures: corresponding curves fo unpacked vessel are shown as broken lines. The range in which the tem perature coefficient is negative is seen to be generally shifted to lower temperatures by packing, and to decrease considerably in extent with increasing pressure. It is therefore limited by packing at high pressures and extended at low.
The initial stages of the reaction also show a negative temperature coefficient in the packed bulb.
Reference to figure 3 shows th at 0_60 increased by packing at all temperatures, but th at the increase is most marked in the region of the negative temperature coefficient. This is also true of the initial stages of the reaction, but to a less degree.
The influence of the condition of the vessel walls. Whereas with the ordinary vessel a " first reaction" is retarded at all stages, in the packed bulb, the reverse is the case. In the latter circumstances the initial stage is accele rated to a greater extent than the main reaction.
w-Butylbenzene
Although the combustion reactions of butylbenzene have received less detailed study than those of propylbenzene, a general analogy is apparent. Thus, the curves in figure 2 relating the pressure increment to the reaction temperature in the two cases, follow similar courses, and the corresponding log <20-60' l/^1 graphs (see figure 1) bear a marked resemblance one to the other. In the figure an equimolecular butylbenzene-oxygen mixture at 100 mm. may be compared with like propylbenzene-oxygen media at 100 mm. and 251*2 mm. initial pressure. Reference to the ignition curves in P art II I (figure 2) will show th a t the 100 and 250 mm. ordinates are simi larly placed relative to the respective cool-flame zones of the two hydro carbons.
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The results described in Part III (cf. figure 3) gave no indication of the existence or otherwise of low-temperature ignition systems with the three lowest aromatic hydrocarbons. It becomes a matter of interest, therefore, to see how far the low-temperature isothermal reactions of these fuels present kinetic analogies with propyl-and butyl-benzene, whose slow combustion reaction below 400° can be definitely related to ignition systems in the same temperature region.
In figure 2 , Apjp-t curves are shown relating to equimolecular mi with oxygen of ethylbenzene, toluene and benzene. The inflexion which was noted in the case of propylbenzene is seen to persist, but with decreasing magnitude, in the first two curves and to disappear with benzene. The evidence of the corresponding log ^20_60-l/T graphs (broken lines in figure 4) , which relate to equimolecular mixtures at 650 mm. initial pressure, is similar. Thus, in these curves, the deflexion associated with the negative temperature coefficient becomes progressively less pronounced on de scending the series and in the case of benzene no deviation from the linear law is evident. In the latter instance, however, the results are inconclusive since, in the material region of temperature, benzene becomes extremely unreactive towards oxygen. Thus a mixture at 650 mm. and 379° gave no perceptible pressure change in 24 hr. and a similar mixture at 323*5°, even after 4 days, gave no manometric evidence of combustion. In the latter case, the ultimate gaseous products (benzene-free) had the following composition:
and washings from the reaction bulb gave negative tests with SchifFs reagent, Schryver's reagent, bromine water and lead acetate. Toluene and ethylbenzene, on the other hand, showed distinct analogies with propylbenzene. Thus, apart from the evidence of the negative tem perature coefficient demonstrated in figure 4 , the " order of reaction" was shown to be increased between 300 and 350°. In the case of toluene, n had values at 315° of 3*0, T6 and 1*3, relative respectively to the total hydro carbon and oxygen concentrations. The corresponding figures above 400° are 2*0, 0*9 and 1*0 (see P art I) from which it is evident th at the increase in the overall " order of reaction" at the lower temperature is again due mainly to the hydrocarbon factor.
In table 4, values of n and n' are given, relating to the total pressure of an equimolecular ethylbenzene-oxygen medium at specified temperatures. Although these figures increase below 400° they do so less rapidly than in the case of propylbenzene and the increase in n is seen to persist even below 300°. That the changes are due chiefly to the hydrocarbon concentration factor is demonstrated by the fact th at at 314°, and n' have values of 0*5 and 0*1 respectively, relative to the partial pressure of oxygen. 
Discussion
In view of the evidence now brought forward, the necessity of distin guishing more than one temperature zone of reaction in connexion with the combustion of aromatic hydrocarbons becomes increasingly apparent. Whether benzene is in conformity with its homologues in this respect is, however, not yet clear, and while this combustible must tentatively be classed with methane and ethylene, in the case of higher members of the series the existence of a low-temperature combustion system is no longer in doubt. The evidence regarding toluene and ethylbenzene is, as yet, of an indirect character and they may, like ethane, be considered as merely potentially capable of cool-flame propagation.
Hitherto, the recognition of the low-temperature combustion system in the aromatic series has rested on ignition data (Part III), but further grounds of distinction now' come to light, which may be summarized under the following six headings:
(i) the " order of reaction", (ii) the temperature coefficient of combustion, (iii) the pressure increment, (iv) the influence of dilution on the reaction rate, (v) the influence of surface factors on the reaction rate, and (vi) the induction period. Tn neither class can the evidence be reconciled with normal temperature effects, without the assumption of some fundamental change of reaction mechanism, and to facilitate discussion it will be convenient to postulate two modes of combustion, of which one is predominant above about 400° and one below 300°, whilst in the intervening range of temperature the two mechanisms co-exist. Proceeding on such lines then, we may compare the characteristics of the high-and low-temperature reactions, as exemplified by propylbenzene, utilizing the headings already detailed.
Throughout the entire range of reaction temperature, the rate of oxida tion is almost exclusively determined by the concentration of hydrocarbon. The " order of reaction", which in such complex types of chemical change must be regarded as a somewhat formal term, is less below 300° than above 400°, and intermediately (at 310-320°) increases to double the high-temperature value. The fact th at oxygen plays so little part under any condi tions can only be adequately explained by invoking a chain mechanism.
Consideration of activation energy data also points to the participation of chains in both high-and low-temperature reactions: thus, the respective values of E are 39, and upwards of 50 kg.cal./g.mol., which are unusually high figures for a bimolecular change. Intermediately, a low* level of about -17 kg.cal./g.mol. is reached at ca. 330°, the actual temperature and value of E depending to a small extent on the pressure of the reacting medium.
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It is of interest in this connexion to consider also the case of w-butylbenzene, in which full data are available relating to slow combustion and ignition reactions in the same reaction vessel (cf. P art III, figure 2, and present communication, figure 1 ). In figure 4 (full-line curve) which refers to an equimolecular mixture with oxygen, log10*20_60 (slow combustion) and log10 p(T (ignition) are plotted on the same bas© of reciprocal absolute temperature, throughout the complete combustion range, the curve for the cool-flame boundary being shown as a broken line. I t will be seen th at the corresponding turning-points of the two main curves occur at similar temperatures, namely 380° C (1/T = 1-53) and 325° C (1 fT -1-67) ; and th at the minimum in the cool-flame graph coincides with the minimum gradient (i.e. least value of E) of the other curves at 344° C According to the slow-combustion data, the energy of activation is 28 kg. cal./g. mol. at high temperatures, and 65 at low temperatures, whilst intermediately the least value is -14.
As has been observed previously (Burgoyne 1939), it is not possible to calculate E from ignition data without a complete knowledge of the under lying kinetics. We may, however, compare the factors E/(n+ 1) (from slow combustion) and AR/\og10e (from ignition, A being the gradient of the log p/T-l/T curve), which should be equal if the underlying combustion mechanism is not changed when the isothermal reaction develops into ignition. From the figures given in table 5, it is seen th at at high tem peratures, the relationship is normal, as judged by similar data for ethyl benzene and propylbenzene (Burgoyne 1939); and in the present instance it is evident th at chain branching plays some part in the high-temperature ignition of butylbenzene, although jts role is less important than with the lower homologues. In the region of the negative temperature coefficient the correspondence of values appears to be fairly good, but at low temperatures, E/(n + 1), while being about double RA/log e (ignition), corresponds well with 7L4/log e (cool flame) at the same temperature. Until a clearer conception of the significance of the negative temperature coefficient is obtained, it would be premature to associate the slow combustion and ignition data in the corresponding temperature range, but in the lower zone it appears that the slow reaction bears a kinetic relationship to the cool-flame ignition somewhat similar to that existing between slow combustion and true ignition at high temperatures. ca. -2 -6 -2 -4 j Varies co r from -58 a t 375°B elow 300°
ca. 14-5 7-1 I to + 1 3 a
The normal steady decrease with falling temperature of the final pressure increment in the slow combustion of propylbenzene and other hydro carbons is probably mainly associated with the corresponding decrease in the ratio C 0/C 02, since the formation of CO results in a much greater increase of volume than does the formation of C 02 (Burgoyne 1937). I t is shown in figure 2 th at the pressure increment in the low-temperature zone is greater than would be forecast by extrapolation of the high-temperature Ap-t graph, whilst a curve relating the C 0/C 02 ratio to the temperature in the case of butylbenzene, which is shown in the same diagram, is seen to have a transitional inflexion similar to that of the corresponding Ap-t curve. This m atter will be discussed more fully in the light of a more detailed examination of the products formed at various stages of combustion.
The effects of dilution and surface factors upon the reaction rates are preferably considered together, since they both bear on the relationship of chain rupture at the walls and in the gas phase. The experimental data is clarified by tabulation, thus:
Packing causes
In th e high-tem perature zone I n th e interm ediate zone I n th e low -tem perature zone A cceleration Less acceleration R etard atio n R etard atio n Considerable retard atio n R etard atio n
The facts are readily explained if it is assumed th at in the high-temperature reaction chain rupture at the walls predominates, whilst in the low-temperature zone deactivation in the gas phase is predominant. In the former case, inert molecules will impede diffusion to the surface, but in the latter instance deactivation takes place both in the gas phase and at the walls, so that when the processes are superposed, as in the intermediate zone, the two types of surface deactivation become additive while the op posing effects of the inert gas molecules counteract one another. At low temperatures energy chains are likely to be concerned, but in the hightemperature zone the effect of the walls is probably to catalyse some chain-breaking process of a chemical character.
In so far as nitrogen has the effect of de-energizing chains, oxygen may also have a similar influence. That the latter acts as a deactivating medium is clear from the fact that the oxygen concentration has very little effect on the reaction velocity in any circumstances. Since the rate of the initial act of oxidation must be proportional at least to the first power of this factor, subsequent chain-breaking activity is indicated, although the operation of oxygen in this connexion, as contrasted with nitrogen, may be not only of a physical but also of a chemical nature. The latter type of mechanism is evidently more significant in the high-than in the low-temperature zone.
Above 400°, the induction period is always of very short duration, but as the reaction temperature is lowered it becomes progressively longer. The rate of the initial stages of combustion may itself be considered from four aspects, namely, (i) the order of reaction, ( (ii) the temperature coefficient, (iii) dilution effects, (iv) surface effects. With regard to the first, there is no apparent reason to dissociate the initial stages of the reaction from the main combustion, since the effect of temperature on the order of reaction and the relative influence of the reactants on the rate are similar in the two cases. The same is true of the respective temperature coefficients, for although insufficient data are available to determine the energy of activation in the initial stages above 400°, in the low-temperature zone E' has a value of 58 kg.cal./g.mol. and intermediately the minimum value ( c a. 337° C) isThe influence of addition of an inert gas on the rate of the induction reaction is, however, characteristic below 400°; and in contrast with condi tions obtaining above this temperature, the initial stage is accelerated to a greater extent than the main reaction by the same degree of dilution. At the same time, the retarding effect of surface is diminished at all tem peratures, particularly in the transitional zone. Taken in conjunction, these results suggest th at in the low and intermediate temperature regions the induction reaction is modified in two respects by comparison with the main combustion, namely:
(i) by the appearance of a catalytic surface effect, and (ii) by decreased deactivation in the gas phase, chain rupture at the surface remaining the same.
An important anomaly of the induction period is shown in the packed bulb (see table 3 ) when, at high temperatures, its duration becomes inde pendent of the pressure. This characteristic is reflected in the transitional zone where (ca. 310°) the value of n' is much less than that of n, although below 300° they are similar. In this case, it is probable th at the large increase of surface due to packing has fundamentally changed the induction mechanism, possibly by introducing a surface decomposition of low order. Further evidence, pointing in this direction, lies in the reversal, on packing, of the effect of " sensitization" of the surface by use, a feature which is especially marked in the initial stages of combustion. It is noteworthy in this connexion, however, that packing causes no change in the " order" of the main combustion reaction at high temperatures.
In the foregoing, the existence of two modes of combustion has been tacitly assumed for purposes of discussion. It is possible, however, to give a more precise interpretation to the experimental results on the basis of theories of the two-stage process of hydrocarbon combustion. Kane (1938) and. independently, Belov and Neumann (1938) , have made the suggestion th at at low temperatures, the combustion of aliphatic hydro carbons consists essentially of two parallel chain reactions:
where A and C represent the initial and final states of the reacting medium, and Bi s a more or less stable intermediate which controls the processes giving rise to cool flames and is also capable of promoting the direct oxidation (4). The two-stage process persists so long as a certain concentra tion of B is maintained, but at high pressures the single-stage combustion is so promoted by B as to become predominant. At sufficiently high tem peratures too, when B is decomposed more rapidly than it is formed, the two-stage process ceases to exist; at the same time the disappearance of B causes a retardation in reaction (4) which outweighs the normal effect of temperature on K 3 and brings about a reversal in the sign of the tem perature coefficient.
I t is now evident th at in the " high-temperature zone" process (4) and in the " low-temperature zone" (3) are respectively predominant, whilst inter mediately the two processes co-exist, with the added complication th at B may now become sufficiently active and concentrated to initiate the independent cool-flame reaction.
In the case of propylbenzene, the direct process is characterized by short chains of a chemical nature, which are ruptured at the walls; and the two-stage process A -*B->C involves long chains, including energy chains which become deactivated both in the gas phase and a t the surface. There is every reason to suppose that a similar state of affairs exists with both lower and higher members of the series, although with toluene and ethylbenzene the decreased order of reaction in the intermediate zone, as compared with propylbenzene, is possibly an indication of the absence, under the existing conditions of experiment, of the process by which the intermediate B initiates cool flames. In the case of benzene there is as yet no evidence of the existence of a two-stage process.
Tho author is indebted to Dr D. M. Newitt for his continued interest in this investigation, and to the Department of Scientific and Industrial Research for a grant, during the tenure of which the work here described was carried out. 
Summary
The kinetics of the combustion of benzene and the four simplest monoalkyl derivatives have been studied in the temperature range between 250 and 400° C, and the results compared with those previously obtained relating to the region above 400°.
It is concluded that, excepting in the case of benzene itself, the oxidation of these fuels consists of two co-existent chain reactions, as is thought to be the case with the aliphatic hydrocarbons also. Of these processes, one is predominant below 300° and the other above 400°, whilst in the intervening range of temperature the two mechanisms proceed on terms of approximate equality. The low-temperature reaction, on intensification gives rise to cool flames, while from the high-temperature mechanism a chain-thermal ignition results. The kinetic characteristics of the two processes are demon strated and compared.
In the intermediate temperature zone (300-400°), the prominence of the process of cool-flame initiation is thought to be the partial cause of the observed increase in the " order of reaction", and it is suggested th at the negative temperature coefficient is due to the mutual interaction of the co-existent chain reactions.
